New instruments and telescopes, such as SPIRou, CARMENES and TESS, will increase manyfold the number of known planets orbiting M dwarfs. To guide future radio observations, we estimate radio emission from known M-dwarf planets using the empirical radiometric prescription derived in the solar system, in which radio emission is powered by the wind of the host star. Using solar-like wind models, we find that the most promising exoplanets for radio detections are GJ 674 b and Proxima b, followed by YZ Cet b, GJ 1214 b, GJ 436 b. These are the systems that are the closest to us (< 10 pc). However, we also show that our radio fluxes are very sensitive to the unknown properties of winds of M dwarfs. So, which types of winds would generate detectable radio emission? In a 'reverse engineering' calculation, we show that winds with mass-loss ratesṀ κ sw /u 3 sw would drive planetary radio emission detectable with present-day instruments, where u sw is the local stellar wind velocity and κ sw is a constant that depends on the size of the planet, distance and orbital radius. Using observationally-constrained properties of the quiescent winds of GJ 436 and Proxima Cen, we conclude that it is unlikely that GJ 436 b and Proxima b would be detectable with present-day radio instruments, unless the host stars generate episodic coronal mass ejections. GJ 674 b, GJ 876 b and YZ Cet b could present good prospects for radio detection, provided that their host-stars' winds haveṀu 3 sw 1.8 × 10 −4 M yr −1 (km/s) 3 .
INTRODUCTION
The search for and characterisation of exoplanets is central to a number of current astrophysical research questions and space exploration. There has been rapid progress in exoplanet detection in recent years, with now over 3,800 confirmed exoplanets on record. The most successful detection methods so far have been the transit and the radial velocity methods. Both of these methods are indirect methods of exoplanet detection, which infer the existence of an exoplanet from the effect it has on the host star.
Exoplanets can be directly detected through imaging. A limitation of such method is the high contrast ratio between the intensity of electromagnetic radiation of the planet and its host star in the visible and infrared ranges; approximately 10 9 in the visible and 10 6 in the infrared (Zarka 2007) . However, there may exist a direct detection method in the low frequency radio range, between ten and a few hundred MHz (Grießmeier et al. 2011) , given that some planets in the solar system are known to emit radiation within this range. This radiation arises via the interaction between planetary magnetic fields and the solar wind (Desch & Kaiser 1984) E-mail: aline.vidotto@tcd.ie and is known as auroral radio emission. For all magnetised solar system planets, this radiation is only 1 to 2 orders of magnitude less intense than the radiation produced by the Sun in the low frequency radio range (Zarka 2007) , thus making it favourable for direct detection. A nearly linear relation between the emitted radio power of these planets and the dissipated kinetic power of the incident solar wind has been observed (Desch & Kaiser 1984) and is known as the 'radiometric Bode's law ' . It has been theorised that magnetised exoplanets may emit at radio frequencies, analogously to the solar system planets (e.g., Farrell et al. 1999; Lazio et al. 2004) . If the radiometric Bode's law holds true for exoplanetary systems in a similar way as for the solar system planets, one can use stellar wind models to estimate radio emission from exoplanets. It is expected that hot Jupiters produce radio emission that are many orders of magnitude larger than Jupiter (Grießmeier et al. 2005 (Grießmeier et al. , 2007 Vidotto et al. 2010a Vidotto et al. , 2012 , but see also Weber et al. 2017; Kavanagh et al. 2019) , the strongest emitter in the solar system at radio wavelength. This is because hot Jupiters orbit at regions where the stellar wind has a large ram pressure, which can power stronger planetary radio emissions.
The detection of exoplanetary radio emissions would not only be a revolutionary method of exoplanet detection, but also an indicative of the presence of an intrinsic planetary magnetic field. Although some studies have proposed the presence of exoplanetary magnetism to interpret spectroscopic transit observations (e.g., Vidotto et al. 2010b; Llama et al. 2011; Kislyakova et al. 2014) , the interpretations are not unique (Vidotto et al. 2015a) and there is still no conclusive detection of an exoplanet magnetic field. Planetary magnetic fields are believed to be one of the key ingredients for determining planetary habitability (e.g. Lammer et al. 2007; McIntyre et al. 2019) .
In that regard, M dwarf stars have been the prime targets for detecting terrestrial planets in the habitable zone, which is the region around a star in which a planet could host liquid water on its surface (Kasting et al. 1993 ). An important issue affecting habitability of M dwarf planets is that their host stars remain active for a long part of their lives (West et al. 2008; Irwin et al. 2011 ) and have high flare and coronal mass ejections (CME) rates (Davenport et al. 2014; Vida et al. 2016 Vida et al. , 2017 Kay et al. 2016 ). This intense activity could be dangerous for a habitable zone planet, as these planets would receive high dosages of high-energy radiation and intense stellar wind/CME, which could strip away their atmospheres (Lammer et al. 2007; Khodachenko et al. 2007; Scalo et al. 2007; Vidotto et al. 2013) . Although intense winds could be dangerous for the survival of planetary atmospheres, intense winds and CMEs would power stronger exoplanetary radio emission, thus allowing one to probe magnetism in exoplanets.
Recently, Burkhart & Loeb (2017) predicted the radio emission of the closest exoplanet to us -Proxima b, which orbits an M dwarf star. They estimate Proxima b has radio emission as high as 1 Jy, in a frequency of 0.02 MHz. Due to its close distance to us, Proxima b is one of the most likely candidates for producing radio emissions that could be detectable from Earth (although, with such predicted frequencies, this would not be observed with groundbased instrumentation). In this work, we estimate the radio emission of exoplanets orbiting M-dwarf stars (for predictions relating to hot Jupiters around solar-type stars see, for example, Grießmeier et al. 2007 Grießmeier et al. , 2011 . At the time of writing, there are nearly 200 planets orbiting stars in the mass range between 0.1 and 0.5 M . The number of known exoplanets orbiting M dwarfs, including exoplanets in their habitable zones, will increase manyfold, with surveys conducted by, e.g., SPIRou (Cloutier et al. 2018) , CARMENES (Quirrenbach et al. 2014) and TESS (Sullivan et al. 2015) . Due to detection bias, most of the known M-dwarf planets have small semi-major axis, making them favourable candidates for detecting exoplanetary radio emissions. This paper is divided as follows. Section 2 presents our candidate selection and Section 3 shows the radio emission model, which is based in the work of Vidotto & Donati (2017) . Section 4 shows our results, where we estimate the radio emission of exoplanets using two different approaches. In the first approach (Section 4.1), we use simple stellar wind models to derive radio fluxes, and we demonstrate the large influence that stellar wind models have on the predicted radio emission from exoplanets. Since stellar wind properties of M dwarfs are uncertain, in Section 4.2 we present a second approach based on a 'reverse engineering' investigation, in which we derive what are the stellar wind properties that would power detectable radio emission with present-day instrumentation. This is then followed by our discussions (Section 5) and conclusions (Section 6).
CANDIDATE SELECTION
We make use of the NASA Exoplanet Archive 1 to select 120 exoplanets (Table 1) that fulfil the following selection criteria.
(i) We select stars in the mass range between 0.1 and 0.5M . Some of the selected stars do not have quoted errors in their masses (namely, KOI-55, Wolf 1061, GJ 3323, GJ 3341, KOI-55, HD 285968, GJ 674, Ross 458, GJ 273, GJ 3293, GJ 3323) . For all the others, the errors quoted in stellar masses are within 25%, with the exception of the following stars: K2-72, Kepler-42, K2-9, BD-08 2823, HD 125595, HIP 57274, HD 99492. For the last three stars, masses are quite uncertain (∼ a factor of 2).
(ii) Kepler's third law was used to convert from orbital period to semi-major axis in the case of planets without defined semi-major axis values on the catalogue.
(iii) Given that the planetary radius is necessary for the computation of planetary radio power and flux, we use the analytical expression from Seager et al. (2007, see their equation (23) ) to derive the radii of planets without quoted radii (mostly planets that are not transiting). These planets are highlighted in Table 1 with an asterisk. This analytical expression offers an estimate of planetary radii and is valid for planets with masses below ∼ 23 M ⊕ . We use the formalism for planets with Fe composition, which gives a lower limit on the size of rocky planets (Seager et al. 2007 ). Since the square of the planet radius R p enters in the radio power computation, a lower limit on R p produces a conservative estimate for planetary radio power and flux. Assuming a silicate composition (MgSiO 3 ), for example, would increase the quoted radii of these planets by a factor of 1.29 to 1.35, which would increase our estimated radio power by a factor of up to 1.8. Planets with masses above the ∼ 23 M ⊕ limit or without quoted masses and radii were not included in our sample.
(iv) Finally, some stars did not have quoted radii in the catalogue. For the following stars, we used the radii quoted in Pasinetti Fracassini et al. (2001) : GJ 667 C, GJ 163, GJ 674 and GJ 832.
We note the distinction between the radius of the planet and the radius of its dynamo region. As we show in Section 3, the emitted radio power depends on the size of the planet and on its surface magnetic field strength, which depends upon how deep the dynamo region is within the planet. While the former can be derived from observations (item iii above), the latter depends on models. Recent work has suggested that rocky planets 2 have magnetic dipole moments similar to that of the Earth or smaller (McIntyre et al. 2019 ). However, depending on its composition, it is possible instead that terrestrial planets might host a stronger magnetic field than that of the Earth -this has been suggested for K2-229b Table 1 . Sample of exoplanets studied in this work. Data are from the NASA Exoplanet Archive for most of the properties. Planets with estimated radii assuming Fe composition are highlighted with an asterisk. See Section 2 for a detailed explanation. The last column is the wind constant κ sw that obeys the relationṀ κ sw /u 3 sw , with mass-loss rateṀ given in M yr −1 and local stellar wind velocity u sw in km/s. This equation provides the minimum mass-loss rates required for a stellar wind to produce detectable radio emission with present-day instruments (> 1 mJy, cf. Section 4.2). (not in our sample), given its Mercury-like composition and large radius (Aitta 2018) . Due to our lack of knowledge in planetary field strengths, in this paper, we assume three different planetary magnetic fields: 0.1 G, 1 G and 10 G.
MODEL OF PLANETARY RADIO EMISSION
When the stellar wind interacts with a planet's magnetic field, it flows around the planet, confining the planet's magnetic field to a cavity surrounding the planet (Chapman & Ferraro 1930) . The extension of this cavity, known as the magnetosphere, can be calculated using pressure balance between the total pressure of the stellar wind (p sw ) and the planet's magnetic pressure (p B ). The total pressure of a stellar wind is the sum of its ram, thermal, and magnetic pressures. Only the wind's ram pressure is taken into account in this work, thus p sw = ρ sw u 2 , where ρ sw is the mass density of the stellar wind at the orbit of the planet and u = u sw − v K is the velocity of the stellar wind particles in the reference frame of the planet, with u sw being the velocity of the stellar wind at the orbit of the planet and v K the Keplerian velocity of the planet (we assume circular orbit for simplicity, as 84% of the planets studied here have orbital eccentricity <0.2). The pressure due to the planet's intrinsic magnetic field is p B = B 2 /8π, with B being the planetary magnetic field intensity at a certain radius r M from the planet, where the interaction with the stellar wind happens. Assuming a dipolar planetary magnetic field, we have that
3 , where B p is the planet's surface magnetic field strength at the pole, and R p is the planet's radius. From this, we can estimate the magnetopause distance as
where ξ = 2 1/3 is a numerical factor that corrects for the effects of electrical currents that flow along the magnetopause (Cravens 2004) . In cases where the stellar wind ram pressure is too strong for the planet magnetic field to sustain a magnetosphere, Equation (1) gives r M < R p . In these cases, we set r M = R p .
To predict the radio power arising from the interaction with a stellar wind, we use the radiometric Bode's law, i.e., we assume a linear relationship between the emitted radio power of a planet (P radio ) and the kinetic power of the incident solar/stellar wind (P sw ): P radio = η K P sw , where η K is the efficiency ratio, which has been determined empirically for solar system planets to be 10 −5 (Zarka 2007) . The dissipated kinetic power of the stellar wind as it interacts with a planetary magnetosphere is approximated as the ram pressure of the stellar wind times the cross sectional area of the planetary magnetosphere, at a relative velocity u (Zarka 2007; Vidotto et al. 2012 )
Thus giving the planet's radio power as
Although here we assume that the input power of planetary radio emissions comes from the dissipated kinetic energy of the stellar wind upon interacting with the planet's magnetosphere (e.g. Lazio et al. 2004 ), scalings with the Poynting flux of the stellar wind also exist (Zarka 2007 ) . As we do not have knowledge of the magnetic field strength of the stars in our sample, we opted to use the scaling with the kinetic power of the stellar wind. Radio emission can also be generated in the interaction with CMEs or in Jupiter-Io-like interactions (unipolar interaction, Grießmeier et al. 2007) . While the former can increase several orders of magnitude the radio power, the latter would likely generate non-detectable emission (Grießmeier et al. 2007 ). We will come back to the interaction with CMEs in Section 4.2. Planetary radio emissions are observed to originate from a planet's auroral regions, which are strongly magnetised annular rings around a planet's magnetic poles (Siscoe & Chen 1975) . The boundary of a planet's auroral ring is thought to occur approximately where a planet's closed and open magnetic field lines meet (Hill 2001) , and is also referred to as the planet's polar cap (Tarduno et al. 2010; Vidotto et al. 2013) . Planetary aurorae are powered by magnetospheric currents that cause the precipitation of energetic electrons in the polar regions of the upper atmosphere (Wu & Lee 1979; Hallinan et al. 2015) , leading to radio emissions via the cyclotronmaser instability mechanism (Zarka 2007) . The electrons are theorised to be accelerated along high-latitude field lines due to energy released during magnetic field line reconnection events in the nightside of the planet. In this work, we assume that radio emissions originate from the boundary of open and closed magnetic field lines at the colatitude of the planet's polar cap, as in Vidotto & Donati (2017) . This colatitude (α 0 ) is related to the planet's magnetospheric size and radius as (Vidotto et al. 2011a )
Assuming dipolar magnetic fields, the surface magnetic field strength at this colatitude is given as
When assessing the detectability of exoplanetary radio emissions, one needs to consider their frequency of emission and flux density. Planetary radio emissions are produced at a frequency close to that of the local electron cyclotron frequency. We assume that the emission bandwidth ∆ f is approximately equal to the electron cyclotron frequency, thus
where e is the charge of the electron, m e is the electron mass, and c is the speed of light. Therefore, planets will radiate at a radio frequency determined by the magnetic field strength within the region where electron cyclotron-maser instability can occur. The maximum frequency occurs at the point where the planetary magnetic field is maximum, i.e., near the polar cap regions at the planetary surface. Thus, we have
Finally, the planetary radio flux density, which is the strength of the signal that is detected on Earth, is
where d is the distance to the system, and ω is the solid angle of the hollow cone of emission (Vidotto & Donati 2017) 
where the thickness of the cone is δα = 17.5 o (Zarka et al. 2004) . The factor of two in the previous equation accounts for emission coming from both northern and southern hemispheres.
ESTIMATING RADIO EMISSION FROM M-DWARF PLANETS
In order to calculate the stellar wind power dissipated in the planet's magnetosphere, we need values of the local density ρ sw and velocity u sw of the stellar wind. Since stellar winds of M dwarfs are poorly constrained, we proceed with two different approaches.
Approach 1: Using hydrodynamic models of stellar winds
In this first approach, we model the stellar wind as being thermally driven, spherically symmetric and in steady state (Parker 1958) . For that, we solve the momentum equation of the stellar wind
where p = ρk B T/m is the stellar wind thermal pressure, with k B being the Boltzmann constant, T the isothermal wind temperature andm = 0.5m p is the average mass of the stellar wind particle, taken to be a fully ionised, plasma of hydrogen (whose mass is m p ). The radial distance from the star is taken to be R in Equation (10). Once a solution for the wind velocity u(R) is found, the density profile is found from mass conservation ρ(R)u(R)R 2 = constant. The local conditions for the stellar wind is found then at the semi-major axis of the planet R = a, and thus ρ sw ≡ ρ(a) and u sw ≡ u(a).
The stellar masses M and radii R were taken from the NASA Exoplanet Archive (see Section 2). An uncertainty in the stellar mass affects the stellar wind profile through the gravity force (second term in equation 10). A variation of ±10% in mass for a 0.5-M star causes a negligible change in the terminal velocity (within ∓1%). The density profile is more affected though, leading to changes in mass-loss rates of a factor of 0.6 and 1.6 for variations of −10% and +10% in stellar masses, respectively. However, values of the temperature and base density of stellar winds are the most uncertain in our models. We adopt three different sets of temperature and base density. In our fiducial model (Section 4.1.1), for simplicity, we assume solar values for all the stars in our sample, with a temperature of 1.56 × 10 6 K, and base number density (electrons and protons) of 2.2 × 10 8 cm −3 (O Fionnagain & Vidotto 2018). For the second and third models, we vary the temperature and density by factors of 2 (Section 4.1.2).
Fiducial wind model (solar-like wind)
In this subsection, we calculate the planetary radio emission using the fiducial stellar wind model. Our computed radio power for each planet are shown in Figure 1a , for 1 G (symbols), 0.1 G (lower values of bars), and 10 G (upper values of bars). Our plot shows P radio as a function of semi-major axis, where we see a trend of decreasing P radio with increasing semi-major axis (we normalise the semi-major axis with stellar radius, as this is the relevant distances in stellar wind computations, Vidotto et al. 2013) . The spread seen in this correlation is due to the fact that planets are orbiting different stars of varying mass and radius, resulting in different local stellar wind properties, and that each planet has a different size. K2-45b has the strongest radio power of the sample (10 18 erg/s, for B p = 0.1 G), mostly due to its small semi-major axis (0.022 au 11R ) -planetary radio power is strongest for close-in planets, where the stellar wind ram pressure is higher. Figure 1b shows our calculated radio flux density for the exoplanets in our sample. Again, these results are for three magnetic field strengths: 1 G (symbols), 0.1 G (upper values of bars), and 10 G (lower values of bars). For these magnetic field strengths, emissions would occur at a maximum frequency of approximately 2.5, 0.22 and 27 MHz, respectively, averaged among the planets in our sample. Though K2-45b has the highest radio power of all of the planets, it has a very low flux density of 0.07 µJy, for a 0.1G field. GJ 674 b and Proxima b have the highest flux density of 200 and 180 µJy, respectively, followed by YZ Cet b, GJ 1214 b, GJ 436 b with flux densities around 83 µJy, for a 0.1G field. K2-45b and some of these planets are highlighted in Figure 1 . From the right panel, there is no clear correlation (i.e., large spread) between radio flux density and semi-major axis, that was seen in the plot of radio power (left panel). This increased spread is due to the variety of distances to the systems (depicted in the colours of the symbols). An increased magnetic field strength results in a small decrease in flux density, in spite of an increase seen in P radio . For example, in the case of Proxima b, increasing the dipolar field from 1 G to 10 G, results in a flux that is a factor of 1.5 smaller. In our sample, a 2-order-of-magnitude increase in B p from 0.1 G to 10 G causes a decrease in radio fluxes by only a factor of 2.2 to 5.2, with an average of ∼ 2.7. For the 1-G case, solid angles range from 0.4 to 2.8 sr, with a peak distribution at 1.7 sr, similar to the Jovian value of ∼1.6 sr (Zarka et al. 2004) .
The symbol colours shown in Figure 1b depict distance to the system, with green representing objects that are closer to us, within 5 pc, and red representing objects at a distance between 5 and 10 pc, and blue between 10 and 50 pc. For reference, the expected value of Jupiter's emission, if Jupiter were at a distance of 50 pc, is at around 1 µJy (Bastian et al. 2000) . For B p = 0.1 G, the flux densities range from 10 −6 to 200 µJy. There is a tight negative correlation between flux and distance due to the inverse square relationship between the two (Equation 8), which explains why the green and red symbols are all at the upper part of Figure 1b , with the more distant systems (empty symbols) at the bottom part. The top-4 exoplanets with the strongest flux densities (Proxima b, GJ 674 b, GJ 436 b, YZ Cet b) orbit some of the closest known M-dwarf planetary systems (1.3, 4.55, 9.76 and 3.6pc, respectively). In contrast, K2-45b, which has the highest radio power, is more than 500 pc away, thus explaining its low flux density.
The second largest radio flux density among the planets in our study is that of Proxima b. Given that Proxima b is an Earth-sized planet, Zuluaga & Bustamante (2016) estimated its magnetic field to be in the range of 0.1 to 0.3 G. From our models with B p = 0.1 G, we found a flux density of 180 µJy. Recently, Burkhart & Loeb (2017) predicted Proxima b can emit between a few mJy up to 1 Jy depending on the assumed magnetic field of the planet (from 1G to 0.007G, respectively, cf. their Figure 3 , lower panel). For a magnetic field of 0.1G, they predicted emission on the range of 4 to 30 mJy or even one order of magnitude higher if the dissipated power comes from the Poynting flux of the stellar wind. Our value (180 µJy) differs from the ones (4 to 30 mJy) derived by Burkhart & Loeb (2017) by one to two orders of magnitude. We attribute this disagreement to differences in the models -for example, the frequency bandwidth in our model depends on the local value of the planetary surface field at the polar cap, while in Burkhart & Loeb (2017) 's model, it depends on the polar strength of the dipole. However, we believe that the main reason for the disagreement in radio flux lies is in the local condition of the stellar wind, which they assume to have a velocity of 1600 km/s (nearly 3 times faster than ours) and a density of about 1000 protons/cm −3 (twice larger than ours). We investigate the influence of the stellar wind properties on planetary radio emission next.
Influence of the stellar wind properties
Unfortunately, the values of the local stellar wind density ρ sw and velocity u sw are difficult to derive from observations. This is because the hot winds of cool dwarf stars are difficult to detect (Wood 2004) . In particular for M dwarfs, there is currently only few observational constraints, such as for Proxima Cen (Wood et al. 2001) , EV Lac (Wood et al. 2005) , GJ 436 (Vidotto & Bourrier 2017) , V374 Peg and HK Aqr (Jardine & Collier Cameron 2019) and, so far, considerably fewer models of winds of M dwarfs (Vidotto et al. 2011b Garraffo et al. 2016; Vidotto & Bourrier 2017; Jardine & Collier Cameron 2019) than those proposed for sun-like stars.
To quantify how the stellar wind affects radio flux densities, we perform the radio calculations for two additional wind models. Our original model assumes a wind temperature of T ≡ T = 1.56 × 10 6 K, and base number density of n ≡ n = 2.2 × 10 8 cm −3 . These values are typical of the solar wind. A second wind model has a temperature of 3.12×10 6 K, twice as large, and the same base density of 2.2×10 8 cm −3 . Finally, a third model has the same temperature as the second one, but with a twice as large base density of 4.4 × 10 8 cm −3 . We refer to each of these models as {T , n }, {2T , n } and {2T , 2n }, respectively.
The velocity of an isothermal wind is rather sensitive to temperature, but is independent of the choice of base density. This means that the stellar wind velocity at the planetary orbit is higher in model {2T , n } than in model {T , n }. Because the velocity profile changes (more accelerated in model {2T , n }), the density structure also changes, seeing a slower decay with distance in the hotter of the two models. This also translates to a higher mass loss rate for the hotter model. The radial velocity profile of the stellar wind for models {2T , n } and {2T , 2n } are the same, but the local wind densities are a factor of 2 higher in the model {2T , 2n }. In our sample, local velocities for models {2T , n } and {2T , 2n } are on average 1.7 times larger than for model {T , n }, ranging between factors of 1.5 and 2.9. Local densities are a factor 32 larger, on average, for model {2T , n } compared to {T , n } (the factor ranges from 2.8 to 1500). Mass-loss rates are on average a factor of 78 larger for {2T , n } than for {T , n } (factors ranging from 4.4 up to 3700), and then again a factor of 2 larger for {2T , 2n } compared to {2T , n }.
Overall, the stellar wind model {2T , 2n } presents the highest ram pressure as both the local wind density ρ sw and velocity u sw are the largest of all the three models. This has two counter effects in planetary radio emission. While the radio power depends on the ram pressure (Equation 3), it also depends on the area of the planetary magnetosphere, which decreases for higher ram pressure (Equation 1). Math-ematically, we have that
2 ) 2/3 u. Hence, we expect that the hotter (i.e., higher velocities u sw and thus higher relative velocities u = (u 2 sw +v 2 K ) 1/2 ) and the denser the wind is, the dissipated radio power will be higher. The dependence of the radio flux with the density and velocity is slightly more complicated (Equation 8), as we also need to consider the other two factors in the denominator, ω and ∆ f , which depend on the colatitude of the polar cap α 0 . In the limiting case of a radio emission that is powered by the kinetic energy of the stellar wind, we can write that φ radio ∝ ρ 1/2 sw u 2 f (α 0 ) (Equation B.1 in Vidotto & Donati 2017) . The function f (α 0 ) ranges between ∼0 and 3.3, for any given value of α 0 between ∼0 (small polar cap) and 90 degrees (crushed magnetosphere in the surface of the planet), respectively. Thus, the denser and hotter the wind is, the smaller the magnetosphere and hence the larger the value of f (α 0 ). Altogether, this leads to larger values of φ radio .
This can indeed be seen in Figure 2a , where we present the radio flux densities of the exoplanets in our sample for the three different wind models. For this calculation, we keep the value of the planetary dipolar field strength fixed to B p = 0.1 G. The stellar wind model {2T , 2n } induces the highest radio emission for all planets, followed by model {2T , n } and our typical solar wind value case (model {T , n }) leading to the smallest radio flux among all the three stellar wind models. We note the distance-squared decay of the radio flux very clearly in this figure -the outlier point at 11.5pc, with low flux density, is Ross 458c, which has one of the largest semi-major axis in our sample (i.e., with weak stellar wind). Figure 2b shows the ratio of radio fluxes predicted with model {2T , 2n } over those of model {T , n }. Overall, the discrepancy between the two computed fluxes are factors between ∼ 10 and 60, but reaches above 200 for two exoplanets seen in the figure. The discrepancy is larger for close-in planets, which is also the region favoured in the detection of exoplanets, due to detection bias.
In the case of Proxima b, for example, the radio flux density increases from 0.18mJy for model {T , n } to 1.6mJy for model {2T , n } to 2.6mJy for model {2T , 2n }.Our model {2T , 2n } produces a local wind velocity of 885 km/s and proton density of about 5600 protons/cm −3 , which is approximately factors of 1/2 and 5, respectively, compared to the values adopted in Burkhart & Loeb (2017) . This explains why only model {2T , 2n } has a radio flux for Proxima b that is more similar to the ones derived in Burkhart & Loeb (2017) . The most promising target, GJ 674 b, sees an increase in the radio flux density from 0.2mJy to 4.6mJy by changing the density and temperature of the stellar wind model by factors of 2.
Approach 2: Deriving local properties of stellar winds that power detectable radio emission
As demonstrated in Figure 2 , an uncertainty in the wind properties of M-dwarf stars can generate a significant uncertainty in the predicted radio emission. Which type of stellar wind would generate detectable radio emission? Before we present the results of our computation, we stress that, contrary to the results presented in Section 4.1, the stellar winds we discuss in this section do not depend on any particular wind model. Rather, the results shown next only depend on the local property of the stellar wind at the orbit of planets and not on which physical mechanism is responsible for accelerating the winds to such velocities. In the limiting case of a radio emission that is powered by the kinetic energy of the stellar wind, we have (Equation B.1 in Vidotto & Donati 2017)
where
1/2 is the relative velocity and
where we note that 0 f (α 0 ) < 3.3. Note that our ignorance on B p is hidden in the function f (α 0 ), through Equations (1) and (4). Rewriting Equation (11), we have
Let us assume now that f (α 0 ) takes its largest value of 3.3. In this case, we estimate that the minimum required property of the local stellar wind is
where we converted the total mass density in proton density (ρ sw = n p,sw m p ). Alternatively, we can rewrite Equation (14) in terms of mass-loss ratesṀ
where we usedṀ = ρ sw u sw 4πa 2 , for a spherically symmetric stellar wind. Equations (14) and (15) imply that, in case of radio detection, we cannot decouple the local density (or mass-loss rate) from the local velocity of the stellar wind, unless we provide additional hypotheses (or additional observations).
The curves in Figure 3 (Equations (14) and (15) in the top and bottom panels, respectively) show the dependences of the stellar wind properties for a given radio flux density of 1mJy. We chose this (optimistic) value of radio flux as this would generate detectable radio emission (i.e., above instrument sensitivity limit) for present-day instruments (Section 5). If the sensitivity limit becomes lower, then the curves in Figure 3 would shift down, i.e., the minimum required wind properties become smaller. We only show the curves for some selected systems, for which the right-hand side of Equation (14) provides the minimum values in our sample (i.e., systems that have the smallest values of d/R p in the sample). The inflexion seen is some of the curves towards low stellar wind velocities is because Equations (14) and (15) are written with respect to relative velocity u while the curves are plotted against u sw . The several points shown in Figure 3 are constraints derived from observations and will be described in Section 4.2.1. Table 1 shows, for all the exoplanets in our sample, the wind constant κ sw that obeys the relatioṅ
with mass-loss rateṀ given in M yr −1 and local stellar wind velocity u sw in km/s, where
(cf. Equation 15 ). These equations provide the minimum mass-loss rates required for a stellar wind to power a given radio flux φ radio . The best candidates for radio detection among the planets in our sample are Proxima b, GJ 436 b, GJ 674 b, GJ 876 b and YZ Cet b. To be detected with current instrumentation, the quiescent winds of their hosts should haveṀu 3 sw 1.8 × 10 −4 M yr −1 (km/s) 3 . As we will see next, the quiescent winds of some of these stars are likely too weak to power detectable radio emission. Figure 1 , these plots do not depend on stellar wind models (i.e., their mechanism of acceleration), but rather only on the local conditions of the stellar wind. Some M dwarfs with observational constraints for their stellar winds are shown. Coronal mass ejections are expected to increase velocities and mass-loss rates, which would momentarily power radio emission to detectable levels.
Observational constraints of M dwarf winds
In order to assess the observability of radio emission from M dwarf exoplanets we add some available observational constraints of the winds of M dwarfs to Figure 3 -these are represented by filled circles. Values of mass-loss rates and wind velocities 3 are quoted for Proxima Cen (Wood et al. 2001 ), EV Lac (Wood et al. 2005) , GJ 436 (Vidotto & Bourrier 2017) , V374 Peg and HK Aqr (Jardine & Collier Cameron 2019) . For the last two objects, we assume a (terminal) velocity of ∼ 400 km/s but note that for active M dwarfs, these values are likely higher (Vidotto et al. 2011b; Villarreal D'Angelo et al. 2018) . Of these five objects, only two have detected exoplanets and we explore them in more details next.
Assuming a threshold of 1mJy, which is achievable with present-day instruments, we have that, for Proxima b to have a detectable radio emission, the stellar wind should have a minimum mass-loss rate oḟ M 1.6 × 10 −5 /u 3 sw for Proxima b.
Note that the typical values used in Burkhart & Loeb (2017) for density (1000 cm −3 ) and velocity (1600 km/s) are indeed above our minimum line for Proxima b (Figure 3a) , confirming the need of relatively high densities and velocities for a detectable radio emission from Proxima b. Wood et al. (2001) derived a mass-loss rate of < 2 × 10 −15 M yr −1 with a terminal velocity of 400 km/s for a quiescent wind of Proxima Cen. These values are below the minimum stellar wind properties, as can be seen in Figure 3b , which implies that such a quiescent wind would not drive radio emission above 1mJy level.
In the case of GJ 436 b, the required host star mass-loss rate isṀ
(we here assumed that u u sw ). The red circles in Figure  3 show the mass-loss rate, local proton density and stellar wind velocity derived for GJ 436 (Vidotto & Bourrier 2017) .
Given these values, it is unlikely that radio emission from GJ 436 b would be detectable with present-day instruments.
Both the quoted values of Proxima Cen and GJ 436 are representative of quiescent winds. However, the passing of a CME would increase the density and velocity of local stellar winds. In the Sun, CMEs can reach velocities above 1000 km/s (e.g. Gallagher et al. 2003) . Osten & Wolk (2015) estimate that CMEs in EV Lac could change the mass-loss rate by 2 orders of magnitude the values derived from Wood et al. (2005) . We add therefore a "CME vector" to Figure 3b to indicate the general trend one would expect to achieve with episodic mass ejections. This means that, although quiescent stellar winds might not drive detectable planetary radio emissions, the increase in velocities and densities of CMEs might be able to reach values above our minimum thresholds in Figure 3b .
DISCUSSION
Detection of exoplanetary radio emission could help derive stellar wind properties. In this case, the detection frequency would allow one to assess the planetary magnetic field. The radio flux density, on the other hand, would then allow one to derive the stellar wind conditions. Given that the radio flux density is rather sensitive to stellar wind conditions ( Figure  2a) , radio detection could help us pinpoint the most likely stellar wind properties (Figure 3 ).
Ground-based detectability of predicted emissions
One of the key factors in the detection of radio emission from exoplanets is the frequency of emission. Since emission happens at the cyclotron frequency, knowing the magnetic field strength of the planet is a key element to help guide searches. Our models predict a maximum emission bandwidth of 2.7 MHz for B p = 1 G. However, the Earth's ionosphere reflects electromagnetic radiation of frequencies below 10 MHz, therefore ground-based radio telescopes can not detect signals below this frequency. When the planetary magnetic field strength is increased to 10 G, the maximum emission bandwidth increases to 27 MHz, which is above the Earth's ionospheric cutoff. There are a number of radio arrays operating in the low frequency range (below ∼ 100 MHz), such as the upgraded Ukrainian T-shaped Radio telescope (UTR-2), the Low-Frequency Array (LOFAR), the Murchison Widefield Array (MWA) and the Owens Valley Long Wavelength Array (OVRO-LWA). Currently, LO-FAR offers the best frequency of operation-sensitivity combination: de Gasperin et al. (2019) estimate a sensitivity of about 3mJy/beam at 54MHz, or ∼ 10 mJy for a 3σ detection. For a 1-h integration time at 20 to 40 MHz, Grießmeier et al. (2011) project a more optimistic sensitivity of about 3 to 30 mJy. The square kilometre array (SKA) will outperform LOFAR in sensitivity, however it is set to operate at frequencies above 50 MHz (Dewdney et al. 2009; Griessmeier 2017) . For a planet to emit at a frequency of over 50 MHz, it would require a minimum magnetic field strength of ∼ 18G. Knowledge of the magnetic fields of exoplanets is currently based on theoretical estimations and extrapolations of solar system models (e.g., Christensen et al. 2009; Zuluaga & Cuartas 2012; Gastine et al. 2012; Zuluaga & Bustamante 2016) . Although some works have suggested means to derive planetary field strengths (e.g. Vidotto et al. 2010b; Kislyakova et al. 2014) , there is still no definitive detection of exoplanetary magnetic fields. Recent studies suggest, however, that rocky planets, such as most of the planets in our sample, would have magnetic dipole moments that are at the most similar to that of the Earth (McIntyre et al. 2019 , but see also Aitta 2018 for terrestrial exoplanets with higher predicted magnetic fields). Therefore, if M-dwarf planets have magnetic field strengths 4G, as is likely the case of Proxima b (Zuluaga & Bustamante 2016) , radio emissions are not detectable from ground-based radio telescopes. In recent years, there has been discussion of construction of a radio array on the moon (Lazio et al. 2011; Zarka et al. 2012 ). Although perhaps not suitable for exoplanet radio emission detection, the Chang'e 4 lander carried a radio astronomy payload, and the Chang'e 4 orbiter carries the NetherlandsChinese Low-frequency Explorer payload, which may represent first steps towards future radio detection of exoplanets. Similarly, the Sun Radio Interferometer Space Experiment (SunRISE) concept may also present a path forward in future low-frequency space-based radio observatories. Spacebased radio instruments would have an enormous impact on the search for exoplanetary radio emissions, allowing signals from low frequency sources, such as exoplanets, to be detected and characterised. The results found in this study, among many others, provide additional motivation for the building of a lunar array.
Time-dependence of radio emissions
The predictions made here do not take into account potential variability of radio emission. A planet's magnetosphere, for example, would vary in size due to the changing properties of stellar winds. Jovian emissions are sporadic at times with transient periods of high-intensity emissions, which correspond to solar flares or coronal mass ejections (Farrell et al. 1999) . Proxima Centauri, for example, is expected to have a highly variable stellar wind with frequent flaring events (Davenport et al. 2016 ). This could mean that radio emissions from Proxima b could vary in intensity, with periods of extremely intense radio emissions that could lie within the ground-based detectable range (Burkhart & Loeb 2017) . Rotation of planets can also cause changes in planetary radio emission. For example, for the giant planets of the solar system, the observed flux densities of emission are modulated at the planetary rotation period. This modulation is caused by an offset between their magnetic and rotation axes (Bastian et al. 2000; Zarka 2007) . It remains to be seen whether such offsets would exist in exoplanets, and/or if they are sufficiently large to cause a detectable variation in the intensity of radio emissions (Varela et al. 2018) .
In addition to short-term variability of planetary radio emission, caused by short-term variability in stellar winds (e.g., due to passing of a CME, Figure 3b ), longer term changes in radio emission are also expected (Vidotto et al. 2011c ). For example, on scales of days to years, as the planet moves along its orbit, the local properties of stellar winds change. In all the wind models we presented here, the winds are assumed to be spherically symmetric. However, the complex geometries seen in stellar magnetism imply that stellar winds are not homogeneous (Llama et al. 2013; Vidotto et al. 2015b; Alvarado-Gómez et al. 2016; Burkhart & Loeb 2017) . On scales of years to decades, we also observe changes in stellar magnetism associated to cycles (Boro Saikia et al. 2016; Mengel et al. 2016; See et al. 2016) , which means that stellar winds would also evolve in these timescales (Pinto et al. 2011; Nicholson et al. 2016; Finley et al. 2019) . Finally, on evolutionary timescales of Gyr, winds are believed to become more rarefied as the star evolves in the main sequence (See et al. 2014; Johnstone et al. 2015; Gallet & Bouvier 2015; Matt et al. 2015; Ó Fionnagáin et al. 2019) .
CONCLUSIONS
This work investigated the detectability of radio emission for currently known exoplanets orbiting M dwarf stars. After filtering for planets with host stars in the mass range between 0.1 and 0.5 M , our sample contained 120 exoplanets orbiting M dwarf stars (Table 1 ). The radio emission calculation was based on the radiometric Bode's law -an empirical law determined for the solar system, which has since been extrapolated to extrasolar systems. The radiometric Bode's law depends on the local properties of the host-star wind. In the case of M dwarfs, these properties are still very poorly constrained, both from modelling and observational aspects. We therefore tackled this with two approaches.
In the first approach, we used the host-stars characteristics to construct simple stellar wind models, extracted the wind properties at the orbits of our planets and calculated the radio flux densities of the exoplanets in our sample. Most previous work in this area have focused on hot Jupiters orbiting F, G and K type stars, therefore our study filled the gap by estimating auroral emission from planets orbiting M dwarfs. We assumed these planets have dipolar fields and adopted three dipolar field strengths: 0.1 G, 1 G and 10 G. Given that the radio emission occurs at the cyclotron frequency, emissions would occur at a maximum frequency of approximately 0.22, 2.5 and 27 MHz (averaged for all the planets in the sample), respectively. Recent works have suggested that rocky planets, as most of the planets in our sample, are more likely to present magnetic moment similar to or smaller than that of the Earth (the Earth's dipolar field strength at poles is 0.3 G), so the lower magnetic field values of 0.1 and 1 G are preferred. Nevertheless, we showed that there is a weak dependence of the planet's radio flux density on its magnetic field strength, with a factor of 100 increase in magnetic field strength (from 0.1 to 10 G) resulting in a decrease in flux density by a factor of ∼ 2.7 only.
In our sample, K2-45b has the largest radio power due to its large size. However, its estimated flux density is quite small, < 10 µJy, due to it being at a distance of more than 500 pc from us. GJ 674 b, Proxima b, GJ 1214 b, GJ 436 b and YZ Cet b have the strongest flux densities despite their relatively low radio power. Using our simple stellar wind models, we predict flux densities for these exoplanets that are above the mJy level. The higher fluxes are due to their proximity to us as they all orbit stars less than 10 pc from us. Exoplanets of close proximity should be therefore the strongest candidates for future searches of detectable planetary radio emissions. Proxima b is of particular interest due to its proximity (1.3 pc). Given its terrestrial size, dynamo models suggest a magnetic field strength < 1 G. If this is indeed the case, its emission frequency would be below the Earth's ionospheric cutoff point of 10 MHz and would not be possible to detect Proxima b's radio emission with groundbased observations.
We demonstrated that the uncertain stellar wind properties of M dwarf stars can generate a significant uncertainty in the predicted radio emission. Although this might seem disappointing at first, we argued that detection of radio emission from exoplanets could help us pinpoint the most likely wind properties of M dwarfs, which are currently very poorly constrained by observations. Therefore, in our second approach, instead of basing radio estimates on unknown properties of stellar winds, we investigated which physical characteristics of the host-star wind are required in order for radio emission to be detectable with present-day instruments at the 1mJy level. We found that the minimum massloss rates obey the relationṀ κ sw /u and velocity of the stellar wind, we might not be able to decouple these two quantities without additional hypotheses (or additional observations), but certainly this would bring us one step closer to observationally constraining the winds of M dwarf stars. And once more exoplanets could be useful 'wind-ometers', i.e., tools to probe winds of their host stars (Vidotto & Bourrier 2017) .
